Creep deformation and fracture behaviors were investigated on a deformation-processed Cu-Cr in-situ composite over a temperature range of 200°C to 650°C. It was found that the creep resistance increases significantly with the introduction of Cr fibers into Cu. The stress exponent and the activation energy for creep of the composite at high temperatures (Ն400°C) were observed to be 5.5 and 180 to 216 kJ/mol, respectively. The observation that the stress exponent and the activation energy for creep of the composite at high temperatures (Ն400°C) are close to those of pure Cu suggests that the creep deformation of the composite is dominated by the deformation of the Cu matrix. The high stress exponent at low temperatures (200°C and 300°C) is thought be associated with the as-swaged microstructure, which contains elongated dislocation cells and subgrains that are stable and act as strong athermal obstacles at low temperatures. The mechanism of damage was found to be similar for all the creep tests performed, but the distribution and extent of damage were found to be very sensitive to the test temperature.
I. INTRODUCTION
IN-SITU metal-metal composites are attractive materials for high-strength and high-conductivity applications. These composites, comprised of Cu containing a second-phase element X (where X is a bcc metal immiscible in Cu, such as Nb, Cr, Fe, Mo, or V) can be formed by mechanical working (swaging, extrusion, rolling, or drawing) of ductile two-phase mixtures prepared by using liquid-phase sintering, casting, or powder metallurgy techniques. The fibrous X metal can bear the higher fraction of load, while the surrounding Cu matrix gives good conductivity and ductility. Among the several Cu-X composites, Cu-Cr composites have been studied by several research groups and were found to possess a desirable combination of attributes. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Compared to other Cu-X composites, Cu-Cr composites offer lower cost (the cost of Cr is roughly one-tenth that of Nb), lower solubility of the X element in the Cu matrix, and a higher elastic modulus; these attributes make Cu-Cr composites a promising material for many potential applications, particularly at elevated temperatures such as aerospace propulsion systems and fusion power plants.
The use of discontinuously reinforced Cu-Cr composites for high-temperature applications requires a comprehensive understanding of the mechanisms affecting their creep behavior. It is important to obtain detailed information on this composite's creep behavior and creep fracture. Some reports have been published on the creep behavior of Cu containing less than 1 wt pct Cr in solid solution; [14, 15] however, a literature search found no reports on the creep response of two-phase Cu-Cr composites. Hong et al. [16, 17] examined the microstructural stability of Cu-based composites after hightemperature annealing. They observed the breakup and spheroidzation of fibers and recrystallization of the Cu matrix at high temperatures, which resulted in a decrease in strength. Biner and Spitzig [18] have shown that even for the as-cast state, the incorporation of the Nb into the Cu causes a significant increase in the creep-rupture time over that obtained for pure Cu. However, the increase in the creep-rupture strength did not continue with increasing draw ratio, unlike room-temperature strengthening, probably due to the microstructural instability of heavily deformed Nb fibers, as observed by Hong and Hill.
[16] Biner and Spitzig observed that an increase in draw ratio to above 6.9 did not show any significant improvement in creep resistance. Hong and Hill [19] suggested that the microstructural scale of the Cu matrix is limited by Nb fibers, and the strengthening due to fine Nb fibers plays an important role at high drawing strains (Ͼ5.5). These fine fibers are unstable at high temperatures because of high stored cold-work energy and high interfacial energy; therefore, they are not likely to provide improved creep resistance at high temperatures. [20] This article describes the experimental results of an investigation of the creep behavior of Cu-Cr composites tested in air from 200°C to 650°C.
II. EXPERIMENTAL MATERIALS AND PROCEDURES
The Cu-10 vol pct Cr in-situ composite used in this study was produced through vacuum casting at 1600°C by Essex Metallurgical Limited (Essex, United Kingdom). The final ingot was approximately 14.5 mm in diameter. The cast rod was then hot forged at 900°C and swaged at room temperature into a 3-mm-diameter rod. This process was carried out in the Department of Materials Science and Metallurgy at Cambridge University (Cambridge, United Kingdom). Deformation reduction can be expressed in terms of true strain () by where A i is the initial cross-sectional area of the specimen, and A f is the final cross-sectional area after deformation. This true strain must be greater than around 3 (equivalent to a h ϭ ln A i A f reduction in area of approximately 95 pct) to achieve any strengthening effect in the composite. In the 3 mm rod, the deformation strain was 3.15, which was approximately a 95.6 pct reduction in area. Prior to forging and swaging, the Cr is in a dendritic form. During subsequent deformation, the dendrites elongate into fibers with a mean thickness of 2 m.
Creep tests were performed on a pure Cu control specimen and on the Cu-Cr composites in air over a temperature range of 200°C to 650°C and stresses ranging from 15 to 270 MPa. Tensile-creep testpieces used were 70-mm long and 3 mm in diameter. All testing was conducted in tension using constantload creep frames with 10:1 lever-arm-ratio loading arms. Both specimen and grips were enclosed and resistively heated in a cylindrical furnace. Specimens were soaked for at least 1 hour or until temperature equilibrium was obtained. The temperature of the specimen was measured with type-K chromel-alumel thermocouples that were in contact with the specimen gage area. The temperature in the gage was maintained to within Ϯ2°C, and the specimen dimensional changes were measured with an accuracy of Ϯ0.001 mm during the creep test. The fracture surfaces of the test specimens were subsequently examined by scanning electron microscopy (SEM) to determine the various failure mechanisms that are operative during creep of the composites. Selected fractured specimens were also sectioned along their tensile axes and prepared for metallographic examination.
In order to characterize the extent of damage as a function of temperature, micrographs were taken of the polished samples at the fracture surface (2 mm from the fracture surface), at an intermediate distance (4 mm from the fracture surface), and far from the fracture surface (about 8 mm from the fracture surface). Transmission electron microscopy (TEM) specimens were prepared by mechanically thinning both sides of the specimen on 600-grit SiC paper, followed by dimpling to 30 m with 3 m diamond paste. The foils were then ion milled on a liquid nitrogen stage at 5 kV using an incidence angle of 11 to 12 deg. To ensure the samples were adequately cooled, the specimen-rotation drive rod was submersed in liquid nitrogen for 1 hour prior to ion milling.
[17] Typical milling times were 7 to 10 hours. The TEM observations were carried out using a JEOL* electron microscope operated at 200 kV. in-situ composite, all fibers were aligned parallel to the rod axis. The transverse cross section micrograph is shown in Figure 1 (b). The ribbonlike morphology of the fibers is evident here; that is, one of the dimensions is considerably smaller than the other. This tendency becomes quite pronounced at high values in Cu-X composites, but it is relatively modest in these composites, since their maximum deformation was only ϭ 3.15. Nevertheless, this plane-straining effect results in a larger Cu-Cr interfacial area than would be present if the Cr deformation were more nearly axisymmetric and the Cr fibers were approximately cylindrical. This larger Cu-Cr interfacial area will lower the effective shear stress at the Cu-Cr interface by distributing the shear force over a larger area, and, thus, this fiber morphology is less likely to experience matrix-fiber separation than would be the case in a classic composite containing cylindrical fibers.
Figures 2(a) and (b) show the longitudinal and transverse cross section TEM micrographs, respectively, of the composite. In these micrographs, only the Cu matrix is shown, and the typical elongated dislocation cells and subgrains [17, 21] were
III. RESULTS AND DISCUSSION

A. Microstructural Evolution
In the as-cast state, the Cr is in a dendritic form. During subsequent deformation, the Cr dendrites (the finer the dendrite size, the higher the flow stress subsequent to deformation) elongated into fibers parallel to the rod axis in a Cu matrix, as shown in Figure 1(a) . The good interfacial bonding between Cu and Cr makes the large deformation possible without any interfacial failure, which is one of the advantages of in-situ composites. The mean thickness of the Cr fibers was 2 m, with an average aspect ratio of 25:1 (dimension parallel to the rod axis:dimension perpendicular to the rod axis), as measured from ten SEM micrographs. A few fibers with a thickness of about 10 m and an aspect ratio of 10 were also found in this composite. In this heavily deformed
